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PREFACE
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neering Development Center (AEDC), Air Force Systems Command
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Force Station, Tennessee, under ARO Project Numbers RF217 and
RF414. The author of this report was John M. Pelton, ARO, Inc.
Data analysis was completed on June 30, 1974, and the manuscript
(ARO Control No. ARO-ETF-TR-175-92) was submitted for publica-
tion on June 25, 1975.
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1.0 INTRODUCTION

At the present time, the gas turbine engine industry has no
generally accepted set of thermodynamic properties for the constitu-
ents of the working fluids or method for making thermodynamic calcu-
lations. Therefore, each segment of the industry from manufacturer
through user may use slightly different basic thermodynamic data and
calculation methods to arrive at the thermodynamic properties. The
present condition is similar to that which existed in the rocket motor
industry prior to the work of the ICRPG (Ref, 1) in establishing
methods for performance calculations and data reduction,

As the operating environment of gas turbine engines has gone to
higher temperatures and Mach Numbers, the differences in perform-
ance of competitive engines are often quite small. In fact, some per-
formance differences are of the same order of magnitude as the
change that may be expected from using different sets of thermo-
dynamic properties of the constituents in the working fluids, Also
because of the increased interaction between the engine and other
components of the airframe, the need for a consistent method of
arriving at thermodynamic properties becomes even more important.
The increased use of mathematical models for describing engine per-
formance has also increased the need for the use of consistent thermo-
dynamic properties of the working fluids.

The gas turbine industry has developed from industries with
diverse backgrounds and each segment has developed calculation pro-
cedures based on its own past history and present needs. The appear-
ance of the computer as a routine tool for turbine engine analysis in
even the smallest operation now provides the possibility for use of a
consistent set of thermodynamic properties by all segments of industry
and government if the properties can be coded for use with small com-
puter memory and calculation times,

In an effort to develop a consistent thermodynamic model, certain
guidelines were set up as follows:

1. Accessible constituents and constituent properties that
are readily located so that orderly updating is possible
as compositions for standard air and fuel change or
thermodynamic property data are improved,
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2, Acceptable memory requirements and calculation
times for use in on-line data reduction systems, and

3. Contains real gas effects.

Certain items are required in such a consistent model, and these are
identified below:

1. The composition of air,
2, The composition of hydrocarbon type fuels,

3. A set of thermodynamic properties for the constituents
of working fluids, including real gas effects, and

4. A method of computing the thermodynamic properties
of air and exhaust gas, including real gas effects.

Each of the above items was examined by reviewing the available
literature and the present turbine industry usage in conjunction with
the available computer technology for on-line data reduction calcu-
lations,

The pressure-temperature regime for air as a working fluid is
shown in Fig, 1. The regime is from 0.1 to 600 psia and from 300
to 1,800°R. These limits were determined from current and projected
future requirements for air as a working fluid in turbine engines. A
number of air compositions were reviewed. They include the work of

Self (see Edmunds, Ref. 2) and Keenan and Kaye (Ref, 3), Hilsenrath,
et al. (Ref. 4), Touloukian (Ref. 5), Banes (Ref. 6), Brahinsky and

Neal (Ref. 7), Brown and Warlick (Ref, 8), and the U.S. Standard
Atmosphere (Ref, 9).

The composition of the hydrocarbon fuel was defined as C,Hyp

where ''x" would be determined by the particular grade fuel in use,

There is a very limited amount of thermodynamic data from a
single source that covers the necessary pressure and temperature
regime for the air and exhaust gas constituents. The regime for air
has been shown in Fig. 1, and the regime for exhaust gas is shown in
Fig. 2. The regime for the exhaust gas is from 0.1 to 600 psia and
from 600 to 4,000°R, The fuel-to-air ratio (f) to be considered will
be from zero to stoichiometric, These model limits were based on
current and projected future requirements for calculating exhaust
gas thermodynamic properties in the turbine engine industry. Because
of the overlapping of air and exhaust gas constituents such as nitrogen,
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oxygen, carbon dioxide, argon, and neon, the temperature range for
these constituents will be from 300 to 4, 000°R. Constituents such as
water vapor require thermodynamic properties from 600 to 4, 000°R,
while the products of chemical dissociation require thermodynamic
properties from approximately 2, 000 to 4,000°R. The two most com-
plete sources of properties are JANAF (Ref. 10) and McBride, et al.
(Ref, 11). Other sources reviewed included Hilsenrath (Ref, 4),
Touloukian (Ref. 5), Din (Ref. 12), and Stull (Ref. 13). None of these
sources was complete in terms of required constituents, temperature
range or recent review and updating, but the JANAF data (Ref, 10)
were chosen because of the temperature range and the, on-going work
in up-dating the data as more information becomes available. Two
constituents, argon and neori, are not included in these tables; there-
fore data from Ref. 11 were used.

100 -
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Figure 1. Pressure-temperature regime for the calculation
of air properties.
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Figure 2. Pressure-temperature regime for the calculation of
exhaust gas properties.

The real gas effects considered were intermolecular forces,
chemical dissociation, vibrationally frozen flow, and ionization.
The effects of intermolecular forces on the constituents of air are
important and are developed in more detail in Section 2 as well as
the effects of chemical dissociation in the exhaust gas, Chemical
dissociation of air was considered, but the upper temperature limit
was below the value where dissociation becomes important. A series
of calculations were performed to determine whether vibrationally
frozen flow should be included in the thermodynamic model. The
results (Ref. 14) indicated that conditions would be highly unlikely
to occur in a gas turbine engine where these types of losses would be
considered significant, Ionization of air and exhaust gas was con-
sidered, but since the maximum exhaust gas temperature (4000°R,
Fig. 2) is below the temperature where ionization becomes signifi-
cant (Ref. 15), no corrections were included,

10
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A number of methods for computing thermodynamic properties of
exhaust gases are available for computer use. They fall into two
general categories; one contains tabulated combustion properties,
while the other is a computer program that calculates the properties.
Examples of the former data format include Keenan and Kaye (Ref, 3),
Banes, et al. (Ref. 6), and Powell, et al. (Ref. 16)., Examples of the
latter include Pinkel and Turner (Ref. 17), Osgerby and Rhodes
(Ref. 18), and Gordon and McBride (Ref. 19). The use of the tabular
form of pre-calculated data using some form of curve-fitting was re-
jected because of the desire to retain control over the air and fuel com-
position and thermodynamic properties of the constituents without
having to recalculate the tables.

The thermodynamic model must be developed for on-line data re-
duction use, which means that calculation times and computer memory
requirements must be minimized, but sufficient accuracy must be re-
tained in the constituent property data so that the errors in the calcu-
lated values are not of the same size as the error in the experiment,
The maximum time per calculation (temperature and pressure known,
to calculate enthalpy, entropy, or specific heat) should be in the range
of 0.05 sec and the memory requirements should be in the range of
10,000 words. By assuming the engine measurement error to be
approximately one percent, the desired error between the original
thermodynamic data for the constituents and the data calculated for use
in the model should not exceed 0.1 percent (2 standard deviations),

This report describes a computer model developed to calculate the
thermodynainic properties of the working fluids of a turbine engine,.
The model calculates the thermodynamic properties of air and the
exhaust gas from the reaction of air with a hydrocarbon fuel. Composi-
tion of the air and fuel used with this model is discussed. The necessary
thermodynamic properties of the constituents are presented as curve fits
of the data from Refs. 10 and 11. The logic involved in the model is dis-
cussed as well as the method of operation, Calculated thermodynamic
data from this model are compared with various data currently in use.
A listing of the model is included,

2.0 DEVELOPMENT OF THE GENERAL COMPUTER MODEL

The computer model calculates the thermodynamic properties
(enthalpy, entropy, specific heat, and Gibbs free energy) for the con-
stituents of the working fluids of a turbine engine, air and exhaust gas.

11
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In addition, the model calculates the enthalpy, entropy, specific heat,
sonic velocity, and ratio of specific heats for air and exhaust gas,
The model will determine the composition and molecular weight of
the exhaust gas, but these two quantities are fixed for air.

Tlr.e model is divided into two sections, the calculation of the
air properties and the exhaust gas properties. The calculation of
the air properties includes a correction for intermolecular forces
of the constituents, The calculation of the exhaust gas properties
includes the effects of chemical dissociation at high temperatures,
A schematic of the calculation process for the model is shown in
Fig. 3.

Determmnaton
Of Ar Or Exhaust
Gos Properties
AR EXHAUST GAS
i=0 l L >0
2 ¥ [] ]
Thermodynarmc Thermodynomic Calculation Of .
Properties Of Arr Properties Of Gas Tan‘;m:“. P, f, Heating
T.P Are Known T,P,(, - Known - Value -Known
3 (MO hPyf - Known
l ‘ Coiculate h
Intermalecular Thermodynamic
Correction Properly Of Non-
Dissocioted Gas
l Corracton Fcla'r
Dessociaton
™ S, cp, MW Necessary
— -— T, 8, ¢p, MW
h, 5,0, MW

Figure 3. Schematic of computer model.

2.1 CALCULATION OF THE THERMODYNAMIC PROPERTIES
OF DRY AIR

2.1.1 Composition and Molecular Weight of Dry Air

The composition of air js based on the U, S.Standard Atmosphere
of Ref. 9. This composition was selected because of the detailed re-
search that went into its original development and the ongoing work
that can be used to update the composition if this becomes necessary,
This particular source is also widely accepted in the turbine engine

~and related industries,
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The composition of Ref. 9 contains seventeen constituents (see
Table 1). To lessen storage requirements and computation time, the
number of trace constituents was reduced. The criteria for reducing
the number of constituents are listed below:

1. The molecular weight of the final composition would
not deviate more than 0. 010 percent from the value
in Ref. 9 (28.9644 1bm/lbm-mole).

2. If the number of constituents necessary to meet item 1
is equal to or greater than three, the monatomic trace
elements will be included with a Noble gas and the re-
maining trace constituents included with one of the
other molecular constituents. '

Using a four constituent composition (N2, Og, A, and COj3) gives
a molecular weight of 29,9651 if the monatomic elements are included
with argon and the remainder with carbon dioxide. This molecular
weight exceeds the 0.010-percent criteria and was rejected, A five
constituent composition (N2, O3, A, COg2, and Ne) gives a molecular
weight of 28,9646 lbm/lbm-mole if the remaining monatomic con-
stituents are included with neon, and the other constituents are in-
cluded with the carbon dioxide. A summary of the composition is shown
below:

Mole Constituent

Constituent Fraction, nj  Molecular Weight, MW; nj, MW;
Nitrogen 0.78084 28.0134 21. 8740
Oxygen 0.209476 31,9988 6.7030
Argon 0.00934 39, 944 0.3731
Carbon Dioxide
(+ trace
Constituents) 0.0003194 44,00995 0,.0141
Neon
(+ monatomic
trace constitu-
ents) 0.00002486 20,183 0.0005

1,0000 28,9646

The molecular weight of this composition differs from that in Ref, 9
by 0.0002 or approximately 1 part in 150, 000. Also the trace

13
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constituents that have to be included with the five constituents amount
to 0,00001182 percent.

The computer model considers this composition and molecular
weight as fixed. If either the composition or molecular weight of one
of the constituents were to change significantly, a simple card change
would update the parameters., The inclusion of water vapor can also
be made as a constituent of air.

2.1.2 Equations for the Calculation of the Thermodynamic
Properties of the Constituents

The thermodynamic properties of primary interest are enthalpy,
entropy, and specific heat at constant pressure. The properties of
the constituents are taken from Refs. 10 and 11, The base tempera-
ture for enthalpy is taken as 0°R, and the reference pressure for
entropy is one atmosphere. The tabular data from these sources
were put into equation form for computer solution. The overall
range of the data is from 300 to 1, 800°R, and the data were divided
into two ranges: from 300 to 900°R and from 900 to 1, 800°R. The
type equation chosen for the data and its degree was based on keeping
the error between the original and the calculated data less than 0.1
percent (2 standard deviations). Attempts were made to fit the data to
simple polynominal equations such as

a; - biT i ci'l'2 - di'ls + ei'l""

" o
4 + hil 4 e + fil
and
4
TR PR v el
nd
f. &« gi'l' 4 1. + Pil

The data in the low temperature range could not be fitted to the above
type equations and meet the accuracy requirements; therefore a
special technique discussed in Ref. 20 was used. This particular
method gives the exact value at the tabulated points. Since Ref. 10

is tabulated in 180°R increments, additional data were requested
from the source (Ref. 10) in 18-deg increments to provide a smoother
curve fit. The data in the 900 to 1, 800°R were fitted using the

simple polynomial expressions given below:

14
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Enthalpy

= oy ¢ byT o T2 4 4T3 4 e T (1)
Entrépy

Si = ay + by T+ T2+ dyT® + e, T (2)
Specific Heat

Cp. = @i + byT o ¢ T2 o T 4 o T4

(3)
The polynomial curve fit equations were generally third degree or
less, The polynomial equations for the constituents of air will be
found in Table 2 (900 to 1, 800°R range). The fit of the original
JANAF data for the major constituents gave a maximum error (2 stand-
ard deviations) of 0,1 percent when the data are recalculated for use in
the computer model. Special precautions were taken to prevent a step
from occurring in the properties at the transition region at S500°R.
2.1.3 Calculation of the Properties of Air

The calculation of the enthalpy, entropy, and specific heat ( Cp)

is made by summing the properties of the individual constituents
based on their mole fractions in air. The equations used are:

Enthalpy:

air 1 i (4)

Entropy:

Sair = ,‘E, ["isi - P‘i"“(%)] (5)

Specific Heat:

1 P (6)

15
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The mole fractions of the individual components of air (nj) and the
properties of these individual components are discussed in Section 2.1.1
and 2,1,2, respectively,

2.14 Correlation for Intermolecular Forces

Intermolecular forces produce a significant effect on thermo-
dynamic properties of gases at higher pressures and lower tempera-
tures. This effect can be seen in Fig. 4 where a nondimensionalized
form of the specific heat at constant pressure ( cpl R) of air (from
Ref. 4) is compared as a thermally perfect gas and real gas. The per-
fect gas property is calculated from spectroscopic data, and a virial
correction is applied to this for the real gas property. In Fig. 4, the
influence of pressure can be seen as the value of Cp /R increases as
the pressure increases at the lower temperatures. To ensure that
the calculated values of enthalpy, entropy, and specific heat for air
in this model (Eqs. (4), {(5), and (6)) include the effect of intermolecu-
lar forces, a correction is added to the calculation of these properties

4.00— Date From Ref.4
40 Atmospheres
=
I-§ ] S
g
o“ 10 Atmospheres
0.1, Aimosphere
Atmosphere
Thermal
350 |- WQ\
Gos — =
3.400 ] I I 1 |
[+] 200 400 600 800 1000

TEMPERATURE - °R

Figure 4. Effect of pressure on a nondimensionalized specific heat
(¢, /R) for air at low temperatures.
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for each of the constituents in air. The constituent corrections are
then added to the properties calculated by Eqgs. (1), (2), and (3).
These corrected constituents are then summed according to Eqs. (4),
(5), and (6) to get the properties of air at the particular temperature
and pressure,

The equations for calculating the correction are taken from
Ref. 21 and are given below:

Enthalpy:

! dB,
Hcorreclioni = HiT T'—l Bi - TT N

1 T 9¢
w15 ™
Entropy:

dB. de.
T i 1 2 1
Scorrectioni = —Ri{-v_iﬁ— - 2vi2 [B‘ Ci « T dT]}

Specific Heat:

2
- T2 dzB 1 dB 2 dci .[-2 d Ci
c = -Ri—— -8B -Tx) ~G+37 -7 2| (©
pcorreclioni \’i dT2 \,"i dT

These corrections are then added to the value of the thermodynamic
property calculated according to Egs. (1}, (2), and (3) as given below:

(8)

Enthalpy:

H; = H; + Hcorrectioni (10)
Entropy:

Si= 5+ Scorreclioni (11)
Specific Heat:

Cp, = Cpi ™ Cpcorreclioni (12)

17
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The (virial) coefficients and their derivatives for use in Eqgs. (7),
(8), and (9) were taken from data in Ref. 22. These data were fitted
to polynomial equations for ease of calculations. The equations are
given in Tables 3 and 4.

2.1.5 Summary of Air Properties and Equations

A five-constituent air is defined and shown below:

Constituent Mole Fraction
Nitrogen 0.78084
Oxygen 0.209476
Argon 0.00934
Carbon Dioxide 0.0003194
Neon 0.0000246

The molecular weight is 28,9646, The thermodynamic properties of
the air (enthalpy, entropy, and specific heat at constant pressure)
are calculated from a summation of the properties of the constituents
based on the composition (Enj H;j, etc.). The constituent properties
are curve fits of the data from Refs. 10 and 11. The data are fitted
over a range from 300 to 1,800°R using the spline fit technique of
Ref. 20 for the 300 to 900°R range and polynomial curve fits

4. + bi T - ci_'l'2 ~ di_T3 + csi.T'1

'j ] Y j j

from 900 to 1,800°R. A correction for intermolecular forces

(Egs. (7), (8), and (9)) is added to thermodynamic properties calcu-
lated from Refs. 10 and 11. The equations for the constituent
properties 900 to 1, 800°R range and virial coefficients will be found
in Tables 2, 3, and 4,

2.2 CALCULATION OF THE THERMODYNAMIC PROPERTIES OF
TURBINE EXHAUST GAS

The model for calculating thermodynamic properties of exhaust
produced from the combustion of a hydrocarbon fuel (CnHxn) and air
consists of:

1. Determining the exhaust gas composition,

18
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2. Calculating the thermodynamic properties of the
constituents of the exhaust, and

3. Summing the constituent properties based on the
mole fraction of constituent present in the exhaust
gas.

The primary thermodynamic properties calculated are enthalpy,
entropy, specific heat at constant pressure, and molecular weight.
In addition, properties such as the ratio of specific heats and the
sonic velocity are available as options.

The calculations can be made over a temperature range from
600 to 4, 000°R, a pressure range from 0,1 to 600 psia, and fuel-
to-air ratios from zero to stoichiometric (Fig. 2). The method
of calculation is dependent upon whether the effects of chemical
dissocation are included. The criteria for determining whether
the effects of chemical dissociation are included are based on the
dissociation of the oxygen molecule and are similar to the criteria
of Ref. 23. If the following equation is true

T < Tl (13)

where

T, = 3000 + 1821og P, (14)

then the effects of chemical dissociation of the exhaust gas are not
considered. If

T T, (15)

the effects of chemical dissociation are considered. Equation (14) is
similar to the criteria of Ref. 24 and is based on the amount of dissoci-
ation in the oxygen molecule. When T > Ty, the mole fraction of the
dissociated oxygen molecule will be 0.00500 or greater. Figure 5
shows the area of interest for the exhaust gas calculations with the
division between the area where the effects of chemical dissociation
are considered and not considered. This division has the benefit of
removing most turbine calculations from the area where the effects

of chemical dissociation are included,
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Figure 5. Pressure-temperature regime for the calculation of
exhaust gas properties (considering dissociation).

The computer model for calculating the thermodynamic proper-
ties uses the air composition given in Section 2.1 and a hydrocarbon
fuel composition of ChHy,. The fuel grade can be varied by suitable
choice of "'x" and by changing the hydrogen-to-carbon in the model.,
The thermodynamic properties of all constituents for air and exhaust

gas are kept accessible in order that properties may be changed as
new data become available,

2.2.7 Thermodynamic Properties of an Exhaust Gas with the
Effects of Chemical Dissociation not Considered, T < T,

The thermodynamic properties for an exhaust gas that is com-
pletely reacted with no effects of chemical dissociation considered
are calculated for T < T[. The assumed reaction and constituents
involved are shown below: '

aCnll,, =+ b\'2 i cO: - dA k- eCO: r fNe =

gCO, + 0 - hN, 4+ KOy ¢ AV fNe {16)
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The reaction is assumed to take place between:

600 < T < T (17)

The thermodynamic properties of the constituents in Eq. (16) will
be found in Table 5. These data are curve fits of the tabular data
found in Refs. 10 and 11 and cover the temperature range in Eq. (17).
The method of making the exhaust gas calculations is basically the
same as Refs, 17 and 25, The values of the thermodynamic proper-
ties h, s, Cp. and R of the exhaust gas are computed on the basis of
the following assumptions:

1, The composition of the exhaust gas is based on the con-
dition that the fuel is completely converted to CO2 and
H20. From this follows

a, The composition of the exhaust gas does not
change in going through a thermodynamic
process.

b. The amount of unburned hydrocarbons in the
exhaust is negligible.

2. The internal energy states of each component gas are in
equilibrium.

3. The exhaust gas behaves as a perfect mixture of perfect
gases, Intermolecular forces are not considered.

As a result of assumption 3, the thermodynamic properties such as
enthalpy of a mixed gas is the sum of the enthalpy of each component
multiplied by the ratio of the mass of that component to the total mass-
of the mixture, For up to stoichiometric, the enthalpy of the exhaust

gas is:
1 A*m + B’
b= () ban + 1)
T AIR
1+ f 1 + m (18)
where .
H - <H
Ho0 0
AL 2 T e (19)
2.016
H -~ H
oo oz D2 (20)
12.011
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The term [(A;;1 + B"}/(1 + m)] in Eq. (18) accounts for the difference
between the enthalpy of the water and carbon dioxide in the reacted
mixture and the enthalpy of the oxygen removed from the air (hgjr) by
their formation. The term [1/(1 +f)] expresses the units of mass of
the enthalpy in terms of lbm of exhaust gas. A similar relation
between the properties of the mixture and those of the constituent
gases holds with regard to s, cp, and R,

The molecular weight of the exhaust gas is determined by:

Ru
VW= —
! R (21)

2.2.2 Thermodynamic Properties of Turbine Exhaust Gas When the
Effects of Chemical Dissociation are Considered, T > T,

The calculation of thermodynamic properties at temperatures
greater than T include the effects of chemical dissociation
(see Fig. 5). In Section 2,2.1, the exhaust gas composition was de-
fined as containing CO2, H9O, and constituents of air. When chemi-
cal dissociation becomes important, the exhaust gas will contain
numerous trace constituents. In addition to those shown in Eq. (16),
the following are assumed as possible constituents: CO, Hg, O, OH,
H, and NO. Other constituents might be included, but the criteria
were to eliminate any constituent whose mole fraction was less than
10~4 over the envelope shown in Fig, 2,

The calculation of a thermodynamic property such as enthalpy,
entropy, or specific heat is made in two steps when the known value
of temperature ""T" is greater than T[. The procedure is to calcu-
late the sensible enthalpy at T by the method of Section 2. 2. 1, then
to calculate the change in chemical plus sensible enthalpy going from
T1 to T considering the exhaust gas to have a variable composition.
The enthalpy change going from Ty to T is then added to the enthalpy
at Ty to give the enthalpy at T. :

The calculation of the thermodynamic property in the region
from Ty to T where the composition is variable is done by the method
of Ref. 18, The basic calculation method involves calculating the
exhaust gas composition by the minimization of free energy. With
the composition at T and T, the enthalpy is then calculated from the
Eq. (22): '
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k
2 oHicrp)

h =—
(T,P) M¥(r p) (22)

The enthalpy is also calculated at (Tg, P):

k
) 2 il p)
(T,.P) = MW, -
I

The change in enthalpy is then the difference between Egs. (23) and
(22) and is the sensible component of the enthalpy difference:

Ah gy = hep py = BT, p)
({T.P) 1 (24)

The enthalpy calculated for the frozen composition at Ty by the
method of Section 2.2.1 (Eq. (18)) is added to the sensible enthalpy
of Eq. (24):

her,py = Berp + Bberpy (25)

- The calculated value of enthalpy is always a positive value, Using the
method of Eq. (25) eliminates the problem of a discontinuity at T1 and
there will be a smooth transition between the two calculation steps.
The calculation for entropy and specific heat at constant pressure is
made in the same manner. The calculation of the molecular weight
is based on the composition calculated at T and P, The molecular
weights summed as shown below:

k
w = MW,
v (TP) iz':lnlel (26)

The thermodynamic properties of the various constituents needed
for the model will be found in Table 5. These properties are poly-
nomaial curve fits of the data from Refs. 10 and 11, The equations
are generally third degree or less.
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2.2.3 Summary of Equations for the Calculation of
Exhaust Gas Properties

A computer model was presented that calculates the thermo-
dynamic properties of the exhaust gas formed from the reaction of
air and hydrocarbon fuel (CnHy,). The model covers the tempera-
ture range from 600 to 4,000°R, the pressure range from 0.1 to
600 psia, and a fuel-to-air ratio from 0 to approximately stoichio-
metric. The model regime is divided into two calculation regions:
one region where the exhaust gas is completely reacted into HpO
and CO2 with no effects of chemical dissociation considered, and
the region where the effects of dissociation are considered. The
regions are divided by the equation (Eq. (14)):

'l-1 = 3000 + 182 log P,

which is based on the amount of molecular oxygen that dissociates
in atomic oxygen,

The thermodynamic properties (h, s, cp) for the exhaust with
no effects of chemical dissociation considered are based on the
method of Refs. 17 and 25. The equation (Eq. (18)) for calculating

the enthalpy is:
1 A*m + BY
h'l‘ = (l + f)[hair * f( l +m )]

and the calculation for entropy, specific heat, and the gas constant
follows the same format. The method for calculating the same
properties in the region where the effects of chemical dissociation
are considered uses a combination of the method given above and
the method of Ref. 18. The property, enthalpy for instance, is
calculated as a nondissociated gas at temperature Tj. The compo-
sition of the exhaust gas is then calculated at T and T} (and the
known pressure), and the enthalpy is calculated at the two tempera-
tures based on the mole fraction of the various constituents. The
difference in enthalpy at the two temperatures (T and Tp) is added
to the nondissociated enthalpy caléulated at Ty to give the enthalpy
at the known temperature and pressure. The calculation of the
entropy and specific heat follows the same format, The calculation
of the molecular weight is based on a summation of the molecular
weights of the constituents weighted by the mole fractions calculated
at the known temperature and pressure.
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The thermodynamic properties of the constituents are presented as
curve fits of the tabular data found in Refs, 10 and 11.

3.0 OPERATION OF THE COMPUTER MODEL

The computer model calculates the thermodynamic properties of
air and of the products of combustion of air and a hydrocarbon fuel
(Cn Hypn). The input’parameters for the model are temperature (°R),
pressure (psia), fuel heating value (Btu/lbm), fuel-to-air ratio {lbm/lbm),
exhaust gas enthalpy (Btu/lbm), and XKON (dimensionless control param-
eter). The normal calculation procedure is to solve for enthalpy, entropy,
specific heat, and molecular weight when the temperature, pressure, and
fuel-to-air ratio are known. The model will calculate the equilibrium
exhaust gas temperature if the pressure, fuel-to-air ratio, and the
exhaust gas enthalpy are known. The same calculation can be made if
the fuel heating value is known instead of the exhaust gas enthalpy. The
particular calculation is determined by the computer through the use of
dummy input parameters. The general operation of the computer model
and the specific model inputs will be described below. A general flow
diagram of the program is shown in Fig. 3, and a listing will be found
in Appendix B,

The model is divided into two sections, one calculates the air prop-
erties and the other calculates the exhaust gas properties. The model
initially decides which section is required from the value of the fuel-to-
air ratio (f). If the value is zero, then the calculation of thermodynamic
properties is made for air; if a positive value is presented, then
properties for exhaust gas are calculated (if by accident a negative
value is input, the program prints an error message and the value of
"), For the calculation of the thermodynamic properties of air, the
required input data are the known value of air temperature and pres-
sure and zero for the fuel heating value, fuel-to-air ratio, enthalpy,
and XKON, With the value of "f'"' equal to zero, the program begins
the calculation of air properties in subroutine THERMO where the
molar composition of air is located as well as the molecular weights
for the constituents of air and the fixed molecular weight of air. The
thermodynamic properties of air are calculated in subroutine GAS, and
the corrections for intermolecular forces are calculated in subroutines
HMIXP, SMIXP, and CPMIXP, If the air temperature is between 300
and 900°R, the constituent properties of air are calculated in subroutine
HSCP which is the special curve fitting routine of Ref, 20, and if the
temperature is between 900 and 1800°R, the constituent properties are
calculated from the polynomial curve-fits in subroutine COEFF,
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The calculation of the thermodynamic properties of the exhaust
gas follows a path similar to air, Typical required inputs are the
known temperature, pressure, and fuel-to-air ratio and zero for the
fuel heating value, enthalpy, and XKON. In this case, the positive "f"
indicates that an exhaust gas calculation will be made and then a check
is made to see if the temperature and pressure are in the area where
the effects of chemical dissociation are included (Eq. (14) or Fig. 5),
If the properties are in the nondissociated region sﬁ\ubroutine GAS is
called with temperature, and ''f,"" The thermodynamic properties of
exhaust gas are calculated in this subroutine using the individual 